ABSTRACT-Simplified models are developed for radiative heating and cooling and for ozone photochemistry in the region 22-61 km. The latter permit the inclusion of nitrogen and hydrogen reactions in addition to simple oxygen reactions. The simplicity of the scheme facilitates the use of a wide variety of cooling and reaction rates. We also consider determination of temperature and composition as a joint process. It is shown that joint radiativephotochemical equilibrium is appropriate to the mean state of the atmosphere between 35 and 60 km. Equilibrium calculations are then used to show that hydrogen reactions are important for ozone and temperature distributions primarily above 40 km while nitrogen reactions are important primarily below 50 km. Comparisons with observed distributions of temperature and ozone suggest the need for water vapor mixing ratios of from 1-5X 10-6
INTRODUCTION
The equilibrium temperature in the stratosphere is determined by the approximate balance between heating due to absorption of solar ultraviolet energy by ozone and cooling due to infrared emission by the 15-pm band of carbon dioxide. [A certain amount of cooling also is due to 0, 9.6pm emission, but this cooling is considerably less than that due to the l&pm band of C 0 2 (Murgatroyd and Goody 1958) .] The rate of energy absorption and, therefore, the temperature depend on the ozone density.
Production of ozone is by the reaction
which is markedly temperature dependent. This coupling between temperature and ozone density indicates that the relaxation time of a temperature perturbation should not be that due to carbon dioxide cooling alone but should be that due to carbon dioxide cooling modified by the effects of photochemistry. Lindzen and Goody (1965) . have calculated the thermal relaxation time for carbon dioxide cooling coupled with photochemical effects for a pure oxygen atmosphere. Since these calculations were made, the rate constants for pure oxygen reactions have been questioned, and alternative ones have been proposed. In addition, it now seems that reactions involving nitrogen and hydrogen compounds may be significant in determining the ozone 1 Alfred P. Sloan Foundation Fellow and mixing ratios of (NO2+NO) of from 3-10XlO-* a t the stratopause. At 35 km, a mixing ratio of (NOz+NO) of about 3 X is indicated. The precise values depend on our choice of reaction and radiative cooling rate coefficients, and the simple formulation permits the reader to check the effect of new rates as they become available.
The relaxation of perturbations from joint radiativephotochemical equilibrium is also investigated. In all cases, the coupling between temperature-dependent ozone photochemistry and radiation lead to a reduction of the thermal relaxation time from its purely radiative value. The latter, which amounts to about 10 days a t 35 km and decreases to about 5 days at 50 km, is reduced to 3-7 days a t 35 km and to 1.5-2.5 days a t 50 km. This greatly enhances the dissipation of waves traveling through the stratosphere. distribution in the stratosphere (Hunt 1966 , Leovy 1969a , Crutzen 1971 ) ; and such reactions, therefore, should be included in the photochemical model. Mast of the rates for reactions involving hydrogen compounds are not temperature dependent; there is, therefore, a question as to the influence of these reactions on the coupling between ozone density and temperature. It has been suggested (Leovy 1969 ) that, if the hydrogen reactions are dominant in determining the ozone density, the appropriate thermal relaxation time is just that due to cooling from the 15-pm carbon dioxide band. As we shall show, this is untrue since relation (1) @e., the reaction O+Oz+M+ O,+M) remains important in all schemes.
Cooling due to infrared emission by carbon dioxide and modified by photochemistry acts as damping on motions in the stratosphere. The time scale for this damping, which may be represented as Newtonian cooling, is simply the thermal relaxation time scale. As Dickinson (1969) shows, internal Rossby waves (excited in the troposphere) could carry large amounts of energy up to the lower thermosphere unless this time is much less than 10 days, 5-10 days being the approximate time scale for unmodified COz 15 pm cooling. Thus, the effects of photochemistry on this time scale could be crucial.
In t i s paper, we shall investigate the effect of photochemistry on the cooling rate for the height range 22-61 km. A simplified photochemical model that is suitable for this height range and that includes reactions hvolvhg nitrogen and hydrogen compounds is developed in section 2. The temperature equation for this photochemical model is obtained in section 3. Vertical distributions of constituents and temperature for radiative-photochemical equilibrium are discussed in section 4. Linearized equations for the photochemistry and temperature are found in section 5 as are the relevant time scales for photochemical and thermal relaxation. Conclusions are presented in section 6.
Many reaction rate constants are uncertain by as much as an order of magnitude, so a wide range of values is used. Because mixing ratios for water vapor and nitrogen oxides are uncertain, several distributions are used. For the range of rates and ratios used, we found that including photochemistry reduces the thermal relaxation time scale above 35 km from the value appropriate when only infrared emission by carbon dioxide is considered. Furthermore, the minimum value for the thermal relaxation time scale nearly always occurs at a height between 45 and 50 km, with a secondary minimum at a height between 28 and 40 km. Finally, the minimum value for the thermal relaxation time scale is always 113 to 1/2 of that found at the same height when the photochemistry is ignored.
We also found that equilibrium distributions of temperature and ozone density vary with the different rate constants and ratios assumed. At the stratopause, relaxation time scales are short enough (approx. 90 min for ozone and a few days for temperature) that the equilibrium temperature should be close to the observed temperature of approximately 27OoI ( (Valley 1965, Theon and Smith 1971) . We attempt to match the observed temperature rather than the observed ozone densities, since the former is better determined than the latter between 35 and 61 km.
Our results show that neglecting nitrogen and hydrogen reactions leads to the prediction of excessive temperatures between 35 and 61 km. The prediction of observed temperatures between 50 and 61 km calls for water vapor mixing ratios of from 1-5X depending on the reaction rate constants used. A mixing ratio for total nitrogen oxides (NO+N02) of 3X lo-* produces correct temperatures from 35 to 50 km. All such estimates depend on our choice of reaction and cooling rate coefficients, but the dependence has been specified in a simple manner.
PHOTOCHEMICAL MODEL
As many as 80 different reactions have been considered for an atmosphere consisting of nitrogen, hydrogen, oxygen, and their compounds (Hunt 1966 , Shimazaki and Laird 1970 , Crutzen 1971 . For many problems, the full set of reactions may not be needed, and a much shorter set can be used for the photochemical model. I t should be apparent that the simplified photochemical model developed in this section may not be the most suitable one for all problems.
For the current problem, we are interested primarily in the vertical distribution of ozone, the reactions that determine this distribution, and the temperature dependence of such reactions for the height range 22-61 km. 
where n, is the molecular number density; therefore, the continuity equation for n, becomes
Substituting eq (4) into eq (2) yields
The ratio n&, for a constituent i is referred to as its mixing ratio.
The photochemical model now consists of 13 continuity equations of the form of eq (5). There are several relations among the constituents that will further simplify the model. Some of these relations have been pointed out previously (Dutsch 1968 , Leovy 1969 , Crutzen 1971 .
Since below 61 km less than 1 percent of the H2O molecules are dissociated in a day by reactions 3 and 8 (table l), the mixing ratio of water vapor at a given height may be considered constant. Also, the adjustment time
and that for H is t(H) = (no2nmklo)-'<4s.
Both of these constituents may be considered in equilibrium with concentrations and (7) TABLE l.-Reaction rates that determine the vertical distribution of ozow as used i n the photochemical model developed and described i n this paper Set 3:
k5=1.OX10-34 exp(510/T) Huie et al. (1972) k0=2.OX10-11 exp(-2410/T) Garvin (1972) As Leovy (1969) indicates, eq (7) means that, when reaction 27 is small compared to reaction 10, the atomic hydrogen produced in reaction 9 is destroyed so rapidly by reaction 10 that the two reactions may be replaced by the single reaction OH+O+HO,
with the reaction rate k,. This approximation is valid below 40 km; but at 40 km, about 10 percent of the ozone destruction due to hydrogen reactions is by reaction 27. Above this height, reaction 27 becomes increasingly important, accounting for about 20 percent of the total ozone destruction at 61 km. Thus, if reaction rates are significantly altered, reaction 27 could become a major one.
When the reactions involving 0 and O3 are considered, it is apparent that the dominant reactions involve interconversion between 0 and Os. The ratio has an adjustment time,
which is short compared to other time scales of interest; therefore, eq (9) remains valid. Similarly, the reactions involving interconversion between HOz and OH are dominant among those involving these two constituents.
Below 40 km, where :elation (8) with a rate k = 9XlO-'l cm3/s (Donovan and Husain 1970). The mixing ratio of N20 is 2.5X10-' at the tropopause and apparently decreases with height (Schiitz et al.
1970
). If we estimate the mixing ratio of NO+NOz as 10-9--10-~ (Junge 1963 , Barth 1966 , Pearce 1969 , then the time scale for an increase in odd nitrogen density due to the two sources described is estimated to be several weeks. The possible losses to the odd nitrogen density are downward diffusion of the constitutents or conversion to Nz06 followed by downward diffusion of that constituent.
Rather than try to include the source and loss terms for the odd nitrogen concentration, we have decided to use eq (18) or, equivalently, to set where K is a mixing ratio that is constant in time but a possible function of height. This highly simplified treatment of the nitrogen constituents may be justified on the grounds that we are not seeking a detailed time and height distribution for each nitrogen constituent but are trying to evaluate the importance of the nitrogen reactions to the distribution of ozone. A more detailed study of the distribution of odd nitrogen compounds may be found in McConnell and McElroy (1973 Had we formally retained eq (27) above 40 km, then we would also obtain eq (33) as an approximation. Thus eq (27) may be used at all heights with only small errors.
As with eq (13), k12 in eq (33) may be neglected above 45 km.
Equations (6), (7), (9)-(17), and (22)-(32) together with the reaction rates in table 1 comprise the photochemical model to be used in sections 3, 4, and 5. A where E represents energy absorbed and C is the heat the fractional pressure change is small for velocities less than that of sound (Jefferys 1930) . This permits eq (34) (23) exchange due to infrared radiation. In the atmosphere,
ENERGY RELATION
24) to be approximated by where e, is the heat capacity at constant pressure, g is the gravitational constant, and w is the vertical velocity. [See Ogura and Phillips (1962) for an analysis of the validity of eq (36) ; Holton (1972) shows that eq (36) is rigorously correct in a coordinate system where log p replaces 2.1
As discussed in the introduction, the major source of cooling in the region 22-61 km is the 15-pm band of carbon dioxide. This cooling is proportional to the local blackbody function (Rodgers and Walshaw 1966) , which (for the range of temperatures found in the stratosphere) can be approximated as a linear function of temperature. Thus, the cooling or thermal emission is 
I
These two distributions, referred to as slow and fast infrared cooling, respectively, offer a range of cooling rates. They show the effect that changing the infrared cooling rate has on the stratospheric temperature and ozone distributions.
The energy source may be written' as 
The second part of the energy source term in eq (39) can be written as where D ( j ) is the dissociation energy of the jth constituent. We have evaluated eq (44) in detail and have found that its contribution is always small. We will spare the reader the specifics. (Note that eq (44) It is apparent from eq (45) and (46) that the equilibrium temperature is determined by the approximate balance between absorption of solar ultraviolet energy by ozone, 04, and cooling due to infrared emission by the 16pm band of carbon dioxide, --aT+b.
RADIATIVE-PHOTOCHEMICAL EQUILIBRIUM
The photodissociation rates and energy absorption all vary with the solar zenith angle; thus localtichanges in temperature and composition have a time scale of 1 day. The photochemical relaxation time scales are less than 1 day above 35 km for all constituents, so calculations made with the local time changes in composition neglected should still give realistic distributions of constituents. However, the thermal relaxation time scale is a minimum of 2-3 days (see sec. 5 ) . An estimate of the daily variation in temperature due to changing zenith angle of the sun can be made. The maximum energy absorption per day is at 50 km; therefore, the maximum daily variation in temperature would be expected at this height. At 50 km, the energy absorption rate at noon is about 3X10-lo J.c~-~.s-'. Roughly one-half of this energy goes to maintain the mean temperature. The noontime flux is also about half the amplitude of the diurnal oscillation in absorption. Then, from eq (45), the daily variation in temperature is estimated by
where the subscript d refers to the daily variation and a=(10 days)-', p=lO+ g .~m -~, and cp=lJ.g-'.oK-l. Thus ( n d = 2 0 E , which is small enough that calculations made with the local temperature change neglected should still give realistic estimates of the temperature.
In the temperature relation [eq (45)], the advective terms are
The size of the winds and temperature gradients can be estimated from Leovy (1964a, 19643) Similarly, the advective terms in the continuity equations can be neglected. For example, at 50 km, the vertical scale for the ozone mixing ratio is about 24 km; therefore, the time scale for change due to advection is approximately 3x10' s. At 50 km, the ozone relaxation time is 5.4X103 s; thus the advective terms can be neglected. Below 30 km, however, the ozone relaxation time scale increases rapidly to 3x10' s while the advective time scale decreases. Therefore, below 30 km, the advective terms are important in determining the ozone distribution in the atmosphere.
Eddy transport of heat, as well as that due t o the mean circulation, must be considered. Murgatroyd (1970) has calculated representative values of transient and standing eddy fluxes at several latitudes and heights (up to about 24 km) for the solstices. From his values, we estimate the vertical and horizontal eddy transport terms to be less than 10-60K/s in the summer hemisphere and equatorward of 40° in the winter hemisphere. Above 24 km, estimates of the eddy heat transport terms are scarce. Murgatroyd (1970) gives standard deviations of temperature and zonal velocities from their mean values for heights up to 60 km. From these values, a rough estimate of can be made for all latitudes in the summer hemisphere and equatorward of 30° in the winter hemisphere. The standard deviation of the vertical velocity is not given; but if it is not more than a few centimeters per second, then use of the scale height as the vertical scale yields at all latitudes in the summer hemisphere and equatorward of 50' in the winter hemisphere. These estimates of the eddy transport of heat are crude, but they indicate that, away from the polar regions, these eddy transport terms can be neglected when compared to the cooling term ~T -b -i 0 -~O K / s [especially if one only wants a gross estimate of the temperature (within lOoK or so)].
The possibility also exists that the tides excited by solar heating could produce mean fluxes of importance to the mean thermodynamic budget. Careful checks, using the the results of Lindzen and Blake (1971), indicate that this is not the case below 90 km. Thus radiative-photochemical equilibrium seems appropriate from 35 to 61 km.
For radiative-photochemical equilibrium, eq (22), (23) , and (45) become and The distribution of 4, #, and T with height for equilibrium is found by solving eq (49), (50), and (51) simultaneously. The solution depends on the mixing ratios of water vapor and the nitrogen oxides and on the values of the rates used for the reactions listed in table 1.
As indicated in the preceding paragraphs, these three equations are valid for the height range 35-61 km. Below this height, the photochemical and thermal relaxation time scales become long enough that the neglected terms, particularly the advective terms, should be retained to find temperature and ozone distributions that agree with those observed. For convenience, eq (49), (50), and (51) are used for the entire height range 22-61 km, with the stipulation that the resulting radiative-photochemical equilibrium distributions are not expected to agree with those observed below 35 km.
An equilibrium solution also depends on 7, q3=, qaa, ~H , o , and P N O~, which are calculated at each height usin eq Hinteregger (1970) suggested that the photon fluxes found in Brinkmann et al. (1966) for the spectral region below 1800 A may be too large by as much as a factor of 3.
Below 61 km, the absorption of photons with energies corresponding to wavelengths less than 1800 makes only a small contribution to dissociation rates of 02, 0 3 , Hz, and NO, (since they have already been absorbed by 0 2 ) . Therefore, the question of the magnitude of photon fluxes for the spectral region below 1800 A is not important for our calculations. Actual cross sections, all for absorption by the j t h constituent vary with frequency. For each frequency interval, the average cross section, aj, was used. Cross sections for 0 3 are from Griggs (1968) and Inn and Tanaka It is more difficult to determine the appropriate cross section for 0 2 in a given frequency interval due to the presence of the Schumann-Runge absorption band, which has numerous narrow rotation lines. One way of treating the absorption in the Schumann-Runge band is to consider the absorption cross section for O2 as a function of both frequency and path length (Hudson et al. 1969 calculate the absorption coefficient of a given frequency interval for each layer (Brinkmann 1969) . The atmosphere between 61 and 22 km is divided into 24 layers.
The water vapor mixing ratio is not well determined in the stratosphere. Some observations (Mastenbrook 1968 , Scholz et al. 1970 ) indicate values of 3X10-8-5X10-6 at 29 km and 3X10-6-10X10-6 at 50 km. The value of the mixing ratio used at a given height is important at lower heights only if water vapor is a significant absorber of solar photons or if the hydrogen reactions strongly affect the ozone density since ozone is a strong absorber of solar energy. In the height range 22-61 km, the attenuation of incoming solar radiation due to absorption by water vapor is negligible. Hydrogen reactions are dominant in determining the ozone density above 40 km for a water vapor mixing ratio of 5 X lo-'. The height above which the hydrogen reactions are dominant increases with decreasing water vapor mixing ratio. Since attenuation of solar energy by ozone is small above 50 km, it is only at heights below this that the vertical distribution of water vapor above is important. The effect of varying the mixing ratio of water vapor with height is not investigated here. For convenience, the mixing ratio for water vapor is assumed to be constant with height and is varied from 0 to lo-?, lo-', 1.5XlO-', 5X10-8, or in our various runs, not all of which will be described. We will describe the most realistic results, leaving the effects of other values to discussion.
As indicated in section 2, the vertical distribution for the mixing ratio of the nitrogen oxides, NO and NO,, is not well known. The mixing ratio of nitrogen oxides, K , is defined in eq (21) and may be written by use of eq (14) as (52) K= (l+R3)X.
Since the vertical distribution for the mixing ratio of nitrogen oxides is uncertain, the expedient choice is made of setting K as constant with height. Again, while values of K ranging from lo-' to 3XlO-' were used in our computations, only the most realistic results will be shown in detail. Reaction rate coefficients (for reactions 5-26, table 1) are somewhat uncertain. Three different sets of rates are used for reactions 5 and 6 (the pure oxygen reactions); these three sets are listed in table 2. The rates for reactions 7-26 are individually increased or decreased by a factor of 10, and the equilibrium distributions of constituents and temperatures are recalculated. Note that the rates for reactions involving HNOz are not known. We assumed that these rates are the same as those for similar reactions involving HNO,. This assumption is admittedly a guess, which permits an estimate of the number density of "0,.
If the shorter equilibrium time scales t("O3) and t(HNO2) are used, then the equilibrium estimate of HNOz by eq (16) is adequate for the current work.
If the equilibrium time scales for HNOa and HNOS are the larger values given in section 2, then the equilibrium distributions are not valid estimates. In that case, NO and NO, are gradually converted into HNOz and HN03, which act as sinks for odd nitrogen. This conversion would be more important at lower altitudes in the stratosphere where destruction by photodissociation is less tha.n that at higher altitudes. If HN03 and HN02 increase in the lower stratosphere, upward as well as downward diffusion can occur. As HN03 and "02 diffuse upward, they will be dissociated and contribute to the NO, at the height where the dissociation occurs. It should be noted that the equilibrium number density €or HN03 estimated from eq (15) is closer to observed values (Murcray et al. 1969 ) when the longer time scales are used (i.e., smaller photodissociation rates).
In solving eq (49), (50), and (51), consideration must be given t o the fact that the thermal emission, as represented in eq (51) by --aT+b, occurs 24 hr a day while the absorption of solar energy and the photochemistry, as given by the other terms in the three equations, occur only during the daylight hours. The average of these time dependent terms over 24 hr, therefore, is needed for the equilibrium calculations. Time dependent calculations, which will be reported elsewhere, indicate that a good approximation to the time-averaged value of time .dependent terms for heights between 35 and 60 km can be found by dividing the noontime value of the terms by 2.5. Since absorption of solar energy at a given height is also n function of latitude, equilibrium calculations are made at two latitudes, 0' and 45' . (table 2) are used for reactions 5 and 6, and the fast vertical distributions are used for a and b. When the nitrogen reactions are included, the mixing ratio for nitrogen oxides is 3X10-*; when the hydrogen reactions are included, the water vapor mixing ratio is 1.5X10-6.
Differences among the four different cases are most striking in the temperature profile ( figs. 2, 4 ). The 0 case shows a linear increase in temperature up to 45 km and then a very small change in temperature above. The inclusion of the .nitrogen reactions decreases the equilibrium temperature and ozone density below 45 km and has little effect on the distributions above 45 km. The temperature below 45 km is considerably reduced (approx. 20' K) from the pure 0 case, and the ozone density below 40 km is also considerably reduced (approx. 40 percent at 40 km to a factor of 3 at 22 km).
Inclusion of the hydrogen reactions has little effect below 45 km; but above this height, it strongly reduces the ozone density and temperature from the values found for the pure 0 case. When the hydrogen reactions are included, they are dominant in determining the temperature and Ozone density above 45 k m even when the nitrogen reactions are also included. Most significantly, there appears to be no way of producing a temperature decrease of the observed magnitude above the st,ratopause without including hydrogen reactions.
Water vapor must be dissociated before the resultant constituents H, OH, and HO2 can act by means of the hydrogen reactions to reduce ozone density and thus temperature. It might be expected, since the mixing ratio of water vapor is assumed constant with height, that the hydrogen reactions would be important at all heights, not just above 45 km. However, the dissociation of water vapor is strongly height dependent. The photodissociation of water vapor below 61 km is due to absorption of solar radiation with energies corresponding to wavelengths below 2000 A, which are strongly attenuated below 85 km due to absorption by O2 and 03. As a result, QH,O decreases from 4.3X10-8s-1 at 61 km to l.lXIO-lls-l at 22.5 km. Water vapor is also dissociated in reaction 8, and the rate of dissociation depends on the density of O*. According to eq ( 6 ) , the density of O* is proportional to q 3 b , which is the absorption rate of radiation by ozone below 3100 A. The radiation below 3100 is significantly attenuated below 45 km, and 413a decreases from 8X10-3s-1 at 45 km to l.lXlO-*s-1 at 22.5 km. The dissociation of water vapor, therefore, increases with height; and as a result, the hydrogen reactions are more important to equilibrium distribution of ozone density and temperature with increasing height.
Equilibrium temperature profiles are shown in figure 6 for the three different sets of rates for reactions 5 and 6 and for the two cooling rate coefficients, fast and slow. The mixing ratio used for water vapor is 1.6X10-6, and the mixing ratio used for nitrogen oxides is 3 X The slow cooling rate coefficient (a-'=17 days) is 3.5 times as long as the fast one (a-'=4.83 days) at 50 km. From eq (51), one might expect that a decrease of 3.5 in a would lead to an increase of 3.5 in (T-b/a) rather than the factor of 2 increase (at 50 km) indicated in figure 6 . Such is not the case since the ozone density itself is strongly temperature dependent through reactions 5 and 6 and increasing the temperature decreases the ozone density and thus the absorption of energy. Therefore, the equilibrium temperature is bu#ered against change. An alteration in the cooling is partly compensated for by a corresponding alteration in the heating, so the fractional change in the equilibrium temperature is actually much smaller than the fractional changes in either the cooling or heating.
Coupling of temperature and ozone density is obvious for an 0 atmosphere (neglecting the hydrogen and nitrogen reactions) since eq (49) becomes and, from eq (26) and (9),
in which the ratio kafk5 is strongly temperature dependent.
Note that, for each set of rates for k, and k, in table 2, the ratio k6/k5 is strongly temperature dependent. In fact, the temperature dependence of k6fks for set 1 is I ' " " i " l ' 1 " " " 1 ' " " " ' 1 0' LATITUDE ' """I exp(-3395/T), which is very close to that of exp(-3295/T) found for set 2. The temperature dependence of set 3 is somewhat less at exp(-2920/T). When hydrogen reactions are dominant in determining the ozone density (as appears to be the case above 45 km for a water vapor mixing ratio of 1.5X10-s), it might appear that the temperature dependence of the ozone density would be greatly reduced since the hydrogen reactions do not have rates that are strongly temperature dependent. Above 45 km, eq (49) can be approximated, by use of eq (27) and (9), as
O=C-B4$
where (above 45 km)
[Note that -A42 still makes a sizable contribution to the destruction of ozone up to 52 km; but this form, eq (56), is used to illustrate the specific effects of the hydrogen reactions.] It is true that k9 is not temperature dependent, but k, is strongly temperature dependent.
Therefore, the presence of hydrogen reactions does not eliminate the buffering of the temperature profile. This result should be expected since the hydrogen reactions only destroy ozone, whereas the production of ozone by reaction 5 is temperature dependent no matter what destruction processes are dominant. Equaticms (55) and (56) indicate that the ozone density and, thus, the temperature profile above 45 km are dependent on the rate used for reactlon 5. The temperature profiles in figure 6 , where three different values are used for the rate of reaction 5, show this dependence. Thus the mixing ratio of OH is proportional to the square root of the water vapor mixing ratio. Prom eq (49), it is apparent that the importance of the hydrogen reactions to the ozone mixing ratio is directly proportional to B+$. Thus increasing the water vapor mixing ratio both increases the importance of the hydrogen reactions at a given height and decreases the height at which the hydrogen reactions become dominant in determining the ozone mixing ratio.
The mixing ratio of OH may be estimated from eq (50) as (57) The use of eq (30), (31), and (32) in eq (57) gives
Above 45 km, eq (13) may be used for R2. That is, 
B=2RlkQnm.
(61 1
Equations (59)) (60), and (61) are not used in our radiative photochemical equilibrium calculations; but they are useful in estimating the effect of varying the rates for the hydrogen reactions.
From eq (60)) it is apparent that changes in kg, kn, k14, k27, and klo will be indistinguishable in their effects from changes in the assumed water vapor mixing ratio. The effect of varying the water vapor mixing ratio has been discussed previously. We shall return to this matter later in evaluating our quantitative results.
The effect of the nitrogen reactions on the ozone mixing ratio is indicated in eq (49) by -F4X. Use of eq (28) From eq (63) and (64), it is apparent that variations in kl6 or kl7 may be equivalently expressed as changes in K, the mixing ratio of nitrogen oxides. The effect on the ozone mixing ratio due to varying the nitrogen oxides mixing ratio has already been indicated. Finally, note that, below 30 km, the photochemical time scale for ozone is so long (several weeks to years) that dynamical effects can be significant. It follows that joint radiative-photochemical equilibrium calculations should not be expected to give results in agreement with observed temperature and ozone density distributions. Above 35 km, both the photochemical time scale (<1 day) and the radiative-photochemical cooling time scale (about a few days) are short enough that dynamical effects are unimportant. Therefore, equilibrium calculations should give appropriate values of ozone density and temperature.
Figures 2-6 clearly show that distributions of temperature and ozone density depend on values used for parameters such as reaction rate coefficients, cooling time scale, and mixing ratios of water vapor and nitrogen oxides. These parameters can be adjusted to yield distributions that best match the observed distributions of ozone density and temperature. Comparison of ozone measurements made by several inveb tigators (Van Allen and Hopfield 1952, Johnson et al. 1954 , Rawcliffe et al. 1963 , Miller and Stewart 1965 , Weeks and Smith 1968 , Hilsenrath et al. 1969 ) shows a range in number density as large as an order of magnitude at some heights in the 35-61 km region. Since the temperature in this region is much better determined as in COESA (1962) or Valley (1965), temperature rather than ozone density is used to determine the match of the equilibrium calculations to observations.
The supplemental atmosphere (tropical) in Valley (1965)
has a stratopause temperature of 270°E with 243'K a t 35 km and 250°K at 61 km. In fitting the equilibrium temperature profile to the supplemental atmosphere, we wish to match the stratopause temperature and the slope of the temperature profile above and below the stratopause. In figures 2 , 4 , and 6, the stratopause temperatures are 27Oo-285OK for all cases with the fast cooling rate coefficient and 315O-335OK for all cases with the slow cooling rate coefficient [a= (17 days)-']. As previous discussion indicates, the equilibrium temperature at 50 km can be lowered by increasing the water vapor mixing ratio. However, increasing the water vapor mixing ratio also increases the magnitude of the slope of the temperature profile between 50 and 61 km. As figure 6 shows, there is approximately a 3OoK decrease in the equilibrium temperature between 50 and 61 km for a water vapor mixing ratio of 1.5X10-6 and the slow cooling rate coefficient. Thus increasing the water vapor mixing ratio to lower the 315O-335OK temperature at 50 km will lower the equilibrium temperature far too much at 61 km. Therefore, the fast cooling rate coefficient is used to model the equilibrium temperature. Also, set 3 for the pure oxygen reaction rates is used since this set is most recent.
Temperature profiles in figures 2 and 4 indicate that cases with water vapor absent have a nearly constant temperature above 50 km while cases With a water vapor mixing ratio of 1.5X10-6 show a decrease of about 25OK between 52 and 61 km. Larger values for the water vapor mixing ratio exhibit an even larger decrease in equilibrium temperature above 50 km; this larger decrease is unacceptable since the supplemental atmosphere (Valley 1965) has only a 20'K decrease from 50 to 61 km. As eq (60) and (61) indicate, a decrease in the dissociation rates of water vapor, a decrease in k,, or ka, or an increase in k,, would mean the water vapor mixing ratio must be increased to maintain the same calculated equilibrium temperature. Thus the water vapor mixing ratio that gives the best fit t o the supplementary atmosphere is 1.5 X only for those hydrogen reaction rates found in table 1. However, it is necessary to include the water vapor reactions to produce the decline in temperature above 50 km.
Temperature proaes in figures 2 and 4 show that inclusion of the nitrogen reactions reduces the equilibrium temperature below 45 km and has only small effects above 45 km. A t 0' latitude, for the nitrogen oxides mixing ratio used (3X10-'), the equilibrium temperature at 35 km is about 238OK as opposed to 265OK when the nitrogen reactions are neglected. The inclusion of the nitrogen reactions is necessary to lower the equilibrium temperature to that of the supplementary atmosphere at 35 km. However, it should be noted in figure 2 that the equilibrium temperature at 46 km is 281°K, which is 14'K higher than the 267OK at the same height in the supplementary atmosphere (tropical). The equilibrium temperature at 46 km can be reduced to 267'K by raising the nitrogen oxides mixing ratio to Changing the water vapor mixing ratio does not work since the match at 50 and 61 km would then be removed. A nitrogen oxides mixing ratio of km. Above 46 km, the nitrogen reactions have less effect; and very large changes in the nitrogen oxides mixing ratio would yield only small changes in the equilibrium temperature. Below 35 km, we do not expect to model the temperature correctly without including dynamical effects; therefore, no particular value for the nitrogen oxides mixing ratio can be spceified. Finally, from eq (64), it is apparent that the mixing ratio of nitrogen oxides needed to give a particular temperature distribution is altered when the reaction rates k16 and k,, are altered.
The preceding results, while interesting, are not as important as the fact that the system we have developed is simple enough to permit the immediate evaluation of the effects of various changes and the identification of questionable rate coefficients. We shall now use this simplicity to assess and extend these results.
In the preceding scheme, we have essentially asked what amount of ozone is necessary to produce the observed mean temperature between 35 and 60 km. The amount is less than what one would obtain from simple oxygen chemistry. So we further inquired how much H20 and NO, would be needed for the various catalytic destructions of ozone to that needed. We obtained answers to these questions for the reaction rates and cooling rate coefficients used. The density of ozone calculated is within the range of the few existing observations. Near the upper limit, however, the results are questionable on at least two counts:
1. The suggested mixing ratio for NO, at 50 km (lXlO-') is 2. The mixing ratio for HzO suggested (1.5X10-8) is less than higher than has hitherto been suggested. currently believed.
As noted previously, the mixing ratios needed to produce given temperature and ozone distributions may be changed when reaction rates are changed. However, for the sake of illustration, let us consider a change in another parameter, the cooling rate coefficient, a. The value of a at 50 km for the fast profile is a= (4.63 days)-', which is larger than most previously used values. Suppose a is reduced to a=(5.79 days)-'. From eq (51), it is obvious that the amount of ozone must be reduced by 20 percent to maintain the same temperature. This reduction still leaves the ozone number density within the range of the observations.
With 20 percent less ozone at 50 km, the loss terms due to hydrogen and nitrogen reactions must be increased in eq (49). For this example, the reaction rates are assumed correct; therefore, this can be achieved by increasing the mixing ratios for NO, and HzO. Since our value for the mixing ratio of nitrogen oxides is already large, only the latter possibility is considered. To allow for 20 percent less ozone, we must increase the mixing ratio for water vapor from 1.5X10-' to 5.4X10-6. This larger value is within the range of observations (Mastenbrook 1968,  Scholz 1970) . The reader may verify the results described in the preceding two paragraphs or determine the effect of changing other parameters by using table 3. In this table, the values a t 50 km are given for the quantities found in eq (49) and (51). Case I is the N+H+O case shown in figures 2 and 3, and case I1 is that just discussed with the cooling rate coefficient, a, reduced to (5.79 days)-'.
I t appears that a plausible choice for the NO, mixing ratio between 35 and 50 km is 3-10X10-8. This is considerably more than what is expected will be produced by full scale supersonic transport (SST) operations (Johnston 1972 ). The SST fleets will be operating at 20 km, whereas the mixing ratios have been found for the region where photochemical equilibrium obtains (above 35 km). Indeed, it is the region above about 30 km that is the primary photochemical source and sink region for lower levels, which are coupled to the higher levels through hydrodynamic transport. NO, deposited at SST levels will probably be converted to HNO, and "0,; however, the HNOs and "0, may then be transported upward to levels where they will be photodissociated yielding NO, again. The change in NO, at heights of rapid chemistry due to SST's may be on the order of 5 percent of our estimated ambient NO,. At these heights, a change of 5 percent in NO, should not produce a similar change in 4 since nitrogen reactions are not the only loss processes for ozone and also because of the thermal bufferbig, which we have previously discussed.
RELAXATION TIME SCALES
Suppose we consider small perturbations from the radiative-photochemical equilibrium state calculated in section 4. Only local perturbations are considered. That is, we are asking how the system behaves if it is perturbed from equilibrium at one height while equilibrium conditions exist at other heights. Then linearization of eq (22) and ( 
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The coefficients are defined as
The complexity of our coefficients in eq (65) and (66) arises because some of the reaction rate coefficients, ki, and the ratios R1, R2, and R3 are temperature dependent and the ratios R2 and R3 are also dependent on the ozone mixing ratio. -'
and a-1 are the relaxation time scales for 0 3 and temperature, respectively, when the coupling between the photochemistry and temperature is neglected; 79 and 71 are the relaxation timescales for the O3 and temperature, respectively, when the coupling is considered.
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FIGURE 7.-Relaxation time scales in a pure 0 atmosphere.
The values uI, u2, and u3 are roots of the cubic equation
which follows from eq (74).
eq ( (Here, Re signifies the real part.) The possibility of complex c1 and u2 merely means that the coupling results in an oscillating decay of the perturbations. The time scale @j -l is several years at 22 km, decreases to about 90 min at 50 km, and then increases above 50 km to about 1/10 day at 61 km. When coupling is included, the actual time scale for thermal relaxation is r l ; and that for ozone relaxation is r2. As shown in figure 7 , coupling results in a slightly more rapid ozone relaxation below 30 km and a slightly slower ozone relaxation above 30 km.
Below 30 km, coupling appears to cause a slower thermal relaxation; however, as shown below, this is not the case if we are considering short period waves (.<a+). If we write eq (79) and (80) Thus if we are considering a wave with period T<u-~, then the actual time scale for thermal relaxation is not T~ but a-' below 30 km where eq (84) and (85) are good approximations to eq (83). is much less than u-l; and coupling between the photochemical and radiative processes results in more rapid thermal relaxation as shown in figure 7. Lindzen and Goody (1965) also found that thermal relaxation was more rapid above 30 km, though they used a different set of rate coefficients for reactions 5 and 6. where 73 is the hydroxyl relaxation time scale when coupling is included. Set 3 is used for rate coefficients for reactions 5 and 6, and the fast profile is used for a. The water vapor mixing ratio is 1.5X10-6, and the mixing ratio for the nitrogen oxides is 3X10-'. In figure 8 we see that, below 40 km, 73 = &-'
and 71 and r2 are approximately the same as for the pure 0 case. This result is reasonable since we previously found that inclusion of the hydrogen reactions has little effect on the equilibrium distribution of temperature and ozone density below 40 km. The only effect of the nitrogen reactions is to shorten B -l at the lowest altitudes.
Above 40 km, the hydrogen reactions become increasingly important as &-l increases while B-' decreases.
The time scale for relaxation of a perturbation in the ozone density or hydroxyl density is modified since there is strong coupling between the ozone and hydrogen photochemistry. The photochemical acceleration of the thermal relaxation is modified but not eliminated. (90) and eq (94) shows that the expr,essions for u1 for the pure oxygen reactions and for the hydrogen reactions differ by a12 in the fmt and /3 in the second. The quantities a12 and p merely express the temperature dependence of ozone destruction due to pure oxygen reactions and to hydrogen reactions, respectively. At 50 km, for example, a/2 = 6 while p = 3. Thus the hydrogen reactions do have a smaller temperature dependence, but this dependence is not negligible above approximately 45 km where the hydrogen reactions are important to the ozone destruction. The fact that hydrogen reactions have a smaller temperature dependence than the pure oxygen reactions is clearly illustrated in figure 9 where the time scales for thermal relaxation, T~, are longer above 45 k m for cases with the hydrogen reactions included. However, the cases with hydrogen reactions included still have 7 1 <a,- ', which shows that the temperature dependence of these reactions is sufficient for photochemical acceleration of the thermal relaxation to occur. Finally, the equilibrium temperature for the N + H + 0 case in figure 2 decreases nearly linearly with height Above 50 km while a also decreases.
F'rom eq (94), it is apparent that both of these decreases cause 7 ' to increase above 50 km as shown in figure 8 . Figure 9 shows The effect of the pure oxygen reactions on ozone density is contained in the term -A~# J~; and from eq (26) and (9), we have
Comparing eq (95) and (96), we see that temperature dependence of ozone density due to nitrogen reactions is by k17 and the temperature dependence of ozone density due to the oxygen reactions is by (ks/ks)1/2. The temperature dependence of k,, is much less than that of (k8/ks)ll2.
Thus the temperature dependence of F+Xis less than that of Between 36 and 45 km, the nitrogen reactions as well as the pure oxygen reactions are important in determing the ozone density. Since the temperature dependence of F+X is less than that of A+2, it follows that including the nitrogen reaction increases T~ from the value found when only the pure oxygen reactions are included. where % is p if the hydrogen reactions dominate and % is between 4 2 and p if the pure oxygen reactions are also significant in the ozone destruction in this region. Since the equilibrium temperature varies with different sets of rates for reactions 5 and 6 ( fig. 7) , so does ul.
As discussed in section 4, the effect of varying rates for The results show that coupling between radiative and photochemical processes leads to an acceleration of thermal relaxation above 36 km for a wide range of reaction rates and other parameters. The minimum value of T~ is between 1.5 and 2 days at 45-50 km for fast a and between 4.5 and 6 days at 34-50 km for slow a. When the hydrogen reactions are neglected, r1 is nearly constant above 50 km; when the hydrogen reactions are included with a water vapor mixing ratio of 1.5X1W6, r1 increases with height above 50 km from a value of 2 days a t 50 km to a value of 3.3 days at 61 km for fast a. Therefore, the Newtonian cooling rate coefficient to be used in the temperature equation for dynamical problems in the stratosphere above 36 km is not a but rcl. Moreover, T ;~ seems large enough to dissipate internal Rossby waves.
CONCLUSIONS
In this paper, we have developed quantitatively justifiable simple models for the radiative heating and the complicated ozone photochemistry of the stratosphere between about 20 and 60 km. These models permit the immediate evaluation of the effects of various chemical and physical quantities on the temperature and ozone distributions in the stratosphere. It should be emphsized that a major difference in our scheme from other simplified schemes is that ours is a joint radiative-~hotochemical model. A purely photochemical model can lead to ozone densities that are in the range of observations but which, if used in the energy equation, lead to temperatures greatly different from those observed. Since the temperature profile at 35-60 km is determined much better than the ozone density distribution, it is obviously preferable to use the equilibrium temperature profile to check the effect of varying mixing ratios and reaction rates. We show that the region 35-60 km should (away from Arctic regions) be in approximately joint radiative-pho tochemical equilibrium, and we use our simple models to calculate this equilibrium. We show that the interaction of radiation and chemistry significantly buffers the temperature and ozone distributions in the stratosphere so that rather large changes in cooling rates and reaction rates lead to much more modest changes in ozone and temperature. We also show that, given an observed distribution of mean temperature, we can (assuming accurate knowledge of reaction and infrared cooling rate coefficients) determine the amounts of water vapor and nitrogen oxides needed t o produce the ozone distribution, which would in turn lead to the observed temperature. This procedure is facilitated by the fact (which we demonstrate) that hydrogen reactions are significant loss processes for ozone above 45 km while nitrogen reactions are important below 50 km. Thus there are regions where nitrogen and hydrogen reactions are individually rather than jointly important. Unfortunately, reaction and cooling rate coefficients are not accurately known. However,oour simplified equations can still be used as diagnostic tools. In this manner, we show that an internally consistent description of observed distributions of temperature and ozone in the stratosphere can be obtained with a time scale for infrared cooling varying from 10 days at 35 km to 4.63 days at 50 km, a mixing ratio for nitrogen oxides (NO+NOz) of about 3-10X10-8, and a mixing ratio for water of about 1.5-5x lo-'. The question of normal NO, mixing ratio has assumed considerable importance recently because it is believed that proposed SST operations may add about 1x10-D to the NO, mixing ratio. The present calculations suggest that the SST contribution will be only 3-5 percent of the ambient amount; and because of the thermal buffering of the system, the effect of this addition on ozone density should be less than 3-5 percent.
We also used our simple models to calculate the joint radiative-photochemical relaxation of perturbations in temperature, ozone mixing ratio, and hydroxyl mixing ratio away from their equilibrium values. We find that, for all photochemical models considered, the photochemistry greatly accelerates thermal relaxation as calculated simply on the basis of infrared cooling. The time scale for the latter is about 4.63-10 days. The actual time scale for thermal relaxation when photochemistry (which is temperature dependent) is included proves to be only 1.5-2.2 days. These shorter scales imply greatly enchanced damping for hydrodynamic waves in the stratosphere.
